The determination of the energetics of the temperature-dependent two-state N $ S pseudorotational equilibrium through 3JHH analysis in 36 nucleos(t)ides and 3 abasic sugars has allowed us for the first time to quantify the strength of various nucleobase-dependent anomeric and gauche effects, and how their interplay finally steers the sugar conformation. The plots of the pDdependent thermodynamics have given an independent method for the determination of pKas of all naturally-occurring nucleobases showing that the energetics for the protonation deprotonation equilibrium is indeed transmitted through the anomeric effect to drive the two-state N $ S pseudorotational equilibrium (energy pump). This means that any change of the pKa of a specific nucleobase due to DNA/RNA folding, or H-bonding or any site-specific metal-ion complexation would promote specific local change of DNNRNA conformation by transmission of the energetics of the altered aromatic character of the heterocyclic agycone to steer the sugar-phosphate backbone conformation through the tuning of the strength of anomeric effect.
The conformational behaviour of the pentofuranose moieties in nucleos(t)ides in solution can be understood, quantified and predicted by the relative strengths of gauche and anomeric effects (4). In 2'-deoxyribonucleosides, the 5'-OH and 3'-OH are in energetically preferred gauche orientation with 04, whereas three additional torsion angles Cg [04'-Cl'-C2'-02'], @[OT-C2'-C3'-03'] and @[02'-C2'-Cl'-N] also prefer gauche conformations in ribonucleosides. The anomeric effect in nucleos(t)ides is the tendency of one of the lone pairs on furanose oxygen to orient antiperiplanar to the glycosidic bond and results in the preference for N-type (pseudoaxial aglycone) over Stype (pseudoequatorial aglycone) conformation (Fig. 1) . In crystal structures of natural N-nucleosides, the C4'-04' bond is about 0.03 A longer than the C1 '-04' bond (3b) . The origin of the 0-C-N anomeric effect in nucleosides and nucleotides can be described by (i) the higher electrostatic repulsions resulting from unfavourable dipole-dipole interactions which may destabilise the pseudoequatorial orientation (S-type sugar) of the aglycone at Cl ', or/and (ii) a favourable overlap between a filled n electron pair orbital of the endocyclic 04' and the vacant antibonding (T* orbital of the glycosidic bond which results in the stabilisation of the pseudoaxially oriented nucleobase (N-type sugar) in terms of molecular orbital theory. The latter alternative corresponds to a hyperconjugation of one of the endocyclic oxygen (04') lone pairs to the glycosidic bond in valence bond theory (double-bondno-bond resonance form) resulting in the shortening of the endocyclic 04'-C1' bond and the increase of W-Cl'-N bond angle.
The present report details the summary of our work (4) on the quantitative energetic assessment of various gauche and anomeric effects that determine the N 2 S pseudorotational equilibrium. We have used temperature-dependent endocyclic 3 J H~ coupling constants between 278 K and 358 K to determine the relative population of the N-and S- Table 2 ) in a quantitative manner. The accuracy of our procedure and of the resulting thermodynamic data is self-evident from the fact that this protocol enables the determination of pK,s of the heterocyclic aglycones of the nucleosides (see below) within LO.1 of literature pK, (6). The summary of our observations ( Fig. 3 ) are as follows:
(A) Energetics of the anomeric effects are dictated by unique aromatic character of the aglycone (i) The preference of 5'-CH20H group to occupy the pseudoequatorial orientation is manifested in the positive AH-value for the pseudorotational equilibrium of 1 (Table 1) . Subtraction of A H for 1 from those of ddNs 4 -9 (Table 1) gives M H " , (Table 2 & Fig. 2 ). These show that the combined stereoelectronic and steric contributions in the anomeric effect of the nucleobases increases in the following order: adenine = guanine < thymine < uracil < cytosine. One reason for the stronger anomeric effect in pyrimidine ddNs 6 -8 than in purine counterparts is that the n(04')-+ U*CI~-N delocalization is more effective in the a-deficient pyrimidine moiety compared to relatively more electron-rich purine in ddNs 4,s and 9. It is however difficult to rule out any potential contribution of dipole-dipole repulsion as the origin of the anomeric effect in the neutral state [see section (x)].
(ii) The A H of N 2 S equilibrium of both abasic sugar 2 and dNs 10 -14 consists of the substituent effect of 5'-CH20H and the gauche effect of [04'-C4'-C3'-03'] fragment, hence estimation of M H " , (Table 2) , allows us to show that the anomeric effect in dNs increases in the following order: adenine c guanine c thymine c cytosine c
uracil. This is in accordance with the conclusion made on the basis of the comparison of M H o l values that pyrimidine nucleosides exhibit stronger anomeric effect than purines. However, the estimates of the strengths of the anomeric effect of individual nucleobases vary considerably between ddNs 4 -8 and dNs 10 -14. The weakening of the anomeric effect in dNs compared to ddNs is due to the change in the electrostatic potential around 04' as it experiences the electron-withdrawing effect of the 3'-OH group. The enhancement of the strength of [04'-C4'-C3'-03'] gauche effect in dNs compared to 2, on the other hand, is due to more effective overlap of o orbital of C3'-H bond to the U* of C4'-04' bond as the 04' electron-density is more reduced with the strengthening of the anomeric effect. It should be noted that the gauche effect of the [04'-C4'-C3'-03'] fragment is much stronger than anomeric effect and is responsible for the preference for S-type conformers in dNs 10 -14 (Table 1) Table 2 ). suggesting that the anomeric effect and the gauche effect of 3'-OH with 04' are strongly interrelated. Fig. 3 for relative contribution of various stereoelectronic effects in nucleos(t)ides).
(vi) The gauche effect of 3'-OP03H-1/-2 fragment in 15 -19 (MHo6) and the gauche effect of 3'-OP03Et-fragment in 20 -24 (Me+ drive the sugar conformation towards S-type by 0.8 to 2.4 W mol-1 (MH' , and MH'9, Table 2 ) stronger than 3'-OH in dNs 10 -14. dU (14) c ( 27) u (29) rT ( than that of [04'-C4'-C3'-3'OH] fragment by -2.3 to -4.0 kJ mol-1 (AAHo12, Table 2 ).
(viii) The overall effect of 2'-OH group on the drive of N 2 S pseudorotational equilibrium depends on the nature of vicinal 3'-substituent (AAHo14 for phosphomonoester and MHe1S for phosphodiester function) and varies with the strength of their intramolecular interaction. The reason that 3'-OP03Et-group additionally stabilizes the S-type pseudorotamers compared to 3'-OP03H-1/-2 counterparts is that the former undergoes specific H-bonding interaction involving 2'-OH-.03'-P03Et-in 35 -39.
(C) The energy of the protonation,' deprotonation equilibrium of the heterocyclic aglycone is transmitted through the anomeric effect to drive the N 2 S pseudorotational equilibrium (Energy pump) (ix) AGO values of the N S S equilibrium of dNs and riboNs show a sigmoidal dependence on the pD (Figs. 4 &   5) . characteristic for a typical titration curve with the inflection point corresponding to the pK, of the heterocyclic base (6), which is identical to the titration curves obtained by pD-dependent aromatic and anomeric chemical shift measurements (Fig. 4B) (4j) . The plots of 6('H) vs. AGO of N 2 S equilibrium show straight lines with the Pearson correlation coefficient higher than 0.97 [exemplified in Fig. 4C with the plots for dG (11) and G (26)]. This means that the thermodynamics of the pD-dependent change of the protonation 2 deprotonation equilibrium also drives the N 2 S pseudorotational equilibrium (energy pump) by beeing transmitted through the pD-tunable anomeric effect (see Table 3 ). The reproduction of the known pK,s through AGO measurements of the N S S equilibrium also proves the accuracy of the observed thermodynamics shown in Tables 1-3 as well as unambiguously validates the two-state N 2 S equilibrium in aqueous solution.
(x) If dipole-dipole repulsion were the main origin of the anomeric effect in nucleosides, then we would have found the weaker anomeric effect in the protonated form and stronger anomeric effect in the anionic form compared to the neutral state. Our experimental result in Fig. 5 actually shows the opposite: the strength of the anomeric effect was enhanced upon protonation (evident by the increase of N-type sugar population) and it was found to be weakened upon deprotonation (evident by the decrease of N-type sugar population) relative to the neutral state. Our results are consistent with the favorable n ( 0 4 ' ) + 0 *~1 --~ delocalization in the electron-deficient protonatedaglycone at the acidic pH, and unfavorable n(04')+O*CI*-N delocalization in the electron-rich anionic-aglycone at the basic pH, compared to the neutral state, as the origin of anomeric effect.
(xi) These results suggest that any local change of hydrophobic properties changing the PKa of a specific nucleobase or H-bonding or any site-specific metal-ion complexation to any nucleobase would promote specific local change of DNA/RNA conformation by transmission of the energetics of the altered aromatic character of the heterocyclic aglycone to steer the sugar-phosphate backbone conformation through the tuning of the strength of anomeric effect. Thus the nucleobase acts as an electronic sensor (beside its H-bonding and stacking ability) of the environmental condition around DNA/RNA to specifically alter a conformation in a certain microsphere, which in turn, can serve as the recognition point for a specific ligand complexation or as a signal for a highly-specific biological function.
